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Abstract

In this talk I review and comment upon recent developments in hadron spec-
troscopy and structure. The talk is organized into three main sections dealing
with heavy quarkonia (QQ), hadrons containing a single heavy quark (QF
snd Qgq), and hadrons containing only light quarks and glue, although I will
emphasize a surprising unity of the phenomena characterizing these systems.

INTRODUCTION

To an aundience hike this it secems appro-
priate to begin by addressing the gquestion of
whether hadronic physics is still part of high
energy physics and, whether it is or not, why
you might still be interested in strong interac-
tion physics.

To the first question I would give a
qualified “yes® since [ recognize in this
andience—which musi somehow define high
energy physics—a substantial number of peo-
ple whose work is dominantly in this area. My
qualification is based on the fact that & grow-
ing fraction of the nuclear physics community
is now devoted to the solution of the same ba-
sic problems.

Even if you are not a member of the strong
interaction community of physicists, it seems
to me that there are several reasoms why you
might still wish to follow this subfield:

*research mpporied in pari by the U.5. Depari-
mesl of Energy moder contzact DE-ACOS-34ER40150,

(1) Our inability to understand from first
principles strongly interacting matter, be it
hadronic or nuclear, is a basic unsolved prob-
lem in describing the world around uws. Of
course, QCD solves this problem in princ-
ple, but that is of rather limited consolation
to anyone who wants to know “how it works".
I for one find this as unsatisfying as being told
that QED in principle explains all of atomic,
molecular, and biological science!

(2) Even if you are not bothered by leav-
ing all of this science behind, you might worry
that beyond the Standard Model is an under-
lying spontaneously broken strongly interact-
ing gauge theory. Such a theory seems Likely
to be much more complex than QOD, so that
it might be sensible to understand the basic
physics of a theory we can study in detail
next one,

(3) As & practical matter, it is often
necessary to understand sirong interaction ef-
perimental data relevant to other parts of
the Standard Model. For example, & heavy
quark weakly decays while embedded in &



hadron, so that the extraction of the Cabibbo-
on being able to relate quark-level amplitudes
to hadromic ones.

(4) Finally, and to my taste most impot-
tantly, there is every reason to believe that
there is still & lot of good physics waiting to be
done in the strong intersctions. It is of course
possible to take the point of view that betwesn
will encounter nothing but pure complexity,
but | belisve this is unbikely. Consider, for
example, the soccess of the constituent quark
model: surely this is & signal of underlying
simplicity waiting to be understood. This is
only one of & long list of critical issues waiting
to be addressed, including the origin of con-
finement and chiral symmetry breaking (lat-
tice gange theory has already taught us & lot—
but not yet enough—about these phenomena),
the puzzling absence to date of the glucnic de-
grees of freedom in low energy speciroscopy,
and the origin of the Okubo-Tweig-lisuka rule.

Q@: HEAVY QUARKONIA

The discovery of the charmoninm system in
November 1974 was & watershed in the history
of the Standard Model. It simultaneously con-
tributed to electroweak theory by supplying
the missing quark of the Glashow-Illiopoulos-
Muaiani mechanism and to the acceptance of
both QCD and the quark model. Since then
both the charmeoninm and T familiss have con-
the Standard Model; the last two years have
been particularly productive in this regard.

Q@ Theory

One of the most important recent advances
in the theoretical treatment of heavy quarke-
nis has been the development by Lepage and
Thacker' and collaborators of nonrelativistic
QCD (NRQCD). Nonrelativistic QCD is not

& nonrelativistic potential model, but rather
& systematic and in principle exact expansion
of QUD field theory in inverse powess of the
heary quark mass mg. NRQCD is thus an «f-
fective field theory which is equivalent to QCD.
[tlpu.il.dmhpi:thltilmwn
a scale in the treatment of heavy guarkonia,
leaving only mga, (the “Bohr radins") and b}
(where b is the QCD string tension) ms im-
portant scales, thereby enormously expediting
the treatment of heavy guarkonia using las-
tice techniques. The advent of NRQCD marks
the end of the era of the hegemony of poten-
tial models for Q systems, and the beginning
of rigorous, precision tests of QUD based on
these systems. An example of this is the addi-
tion of a, determinations from the T spectrum
to those available from other methods?.

Another recent advance focuses on a long-
standing problem in caleulating the total
widths of P-wave quarkonin. For example,
from diagrams ke that of Figure 1, one can
caleulate that?

riQd'A) = !%71-5{“

2 [Hron 22+ comstass] + } )

where i is an infrared cutoff. In this formula
R'(0) is the derivative of the radial QO wave-
function at the origin (which enters because
R(0) = 0 for a P-wave state, so that the
Q) annihilation is forced to live off the virtual
intermediate heavy quark propagator) and the
gero ingide the bracket is to emphasize that
this state has no o} term (in contradistine-
tion to its *Py and *F, partners). It has usu-
ally been assumed that u is an unknown oon-
perturbative parameter which spoils the pre-
dictability of the * P, and ' P, hadronic widths.
(The *P; and *P; widths also suffer from such
infrared effects at order a®, but thess “correc.
tions™ have usually been ignored compared to
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Figure 1. A graph comiributing to the tofal hadromic
'ﬂﬁﬂl'ﬁq‘nﬂiﬂdﬂnﬂiﬂlﬂim
part of this graph which is infrared singuise.

the “lesding” o terms.) Bodwin, Braaten,
and LﬂHﬂmtﬂdtﬂ-ﬂll conference* o
this situation. They showed that the infrared
divergent part of Fig. 1 factorizes into the
product of the amplitude for the process in
which the  or ( emits u soft gluon, leav-
ing the QO system in a *5; color octet state,
and the amplitude for this state to annihilate
through a single hard gluon into s light g
pair. The first amplitude is, they show, part
of a Fock-space expansion of the state of the
system, ie., the “*P, quarkonia™ have both
& wavefunction for being @@ in a *P; state,
and & wavefunction for being gQ() with over-
all JPC = 1++ but with the Q§ subsystem in
a color octet *5, state. They go on to show
that all of the nonperturbative information re-
quired (to this order in &, ) resides in R'(0) and
in & gQQ “wavefunction st the origin® which
ahsarbs the u dependence of eq. (1).

In this very Emited review of recent the-
oretical developments in heavy gquarkonis, I
will close with two advances in understanding
the nonperturbative gluonic dynamics of QCD
in the presence of static quark sources. The

ground state of QCD in the presende of a static
Q@ pair separated by a distance r is, in the
approximation in which all dynamical quarks
are ignored, the static QQ potential which we
associate with nonrelativistic potential mod-
els. Lattice QUD calculations of this gluonic
ground state energy Vy(r) are, indeed, in rea-
sonahble correspondence with the phenomeno-
logical potentials needed in such models. One
can also consider the excited states of the glus
in the presence of the static @ souress®. In
the adiabatic approximation, these excited po-
tentials ¥i(r) (i > 0) will lead to entirely new
spectroscopies in which the quarks and glue
are simultaneously excited: the quarkonium
bybrids™. Perantonis and Michael” have re-
cently been able to obtain clear signals on
the lattice for such excited gluonic states and
to measure their energies V(r) and quantum
numbers (see Fig. 2). They find that the first
excited potential is doubly degenerate with
the gquantum numbers and energy of & drans-
verse phonon as expected in a flux tube (or
string) model®. It follows that exotic quarko-
nia with JFC = 0+, 1=+, and 2+~ should ex-
ist at modest excitation energies as predicted
by Ref. 5.

In an independent development, Olson,
Olsson, and Willinms®* presented to this con-
ference analytic evidence for the relativistic
flux tube model. They extend the earlier re-
sults of Eichien and Feinberg®, Gromes'®, and
Buchmuller!! on the Wilson loop reduction of
QOCD. These earlier results had shown that a
Lorents scalar confinement potential matches
the spin-dependence of QUD; they extend the
comparison to the spin-independent v* /c? car-
rections, finding that a scalar confinement po-
tential fails to give these Iatter corrections,
but that a relativistic flux tube model matches
QCD to this order, The main effect is identi-

®Hybods were introduced in the context of the bag
model: ez Rel 8 for some eazly papers.
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Figurs 2. The ground and first exsited gloomic enerpies
in the presence of statks idplet-antitrplet coler somrees
i peparaticn r (ndapted from Rel T); the poists ase
laitice data, whils the carves are the sdiabatic ener-
gles of the Nambu-Goto relativistic siring. Note that
¥Filr) = ¥alr) = =/r for lazge r as expecied for &
iramsverse phonon,

fied as being the flux tube moment-of-intertial

These two results, showing that at low en-
ergy the ghuonic fields in & static QG system
are string-like, indicate that heavy quarke-
nium hybrids may be as well described by
potential models as ordinary heavy quarke-
nis. A search for the JFC exotic hybrids of
more speculative extension of these ideas to
light quark hybrids® may also now be consid-
ered to be on & better foundation. I will dis-
cuss these states below in the section on Light
Quarks and Glue.

QQ Erperiment

The headline story of this section is cer-
tuinly the report given to this conference of
the discovery'® of the long-missing 'F; char-
monium by Permilab's low energy f-gas jet
collider. They found the h. at & mass of
35252 + 0.15 + 0.20 MeV with a width ' <
1.1 MeV (at 90% c.l.). This mass is very closs
to the center-of-gravity (c.o.g.) of the *F;

Figure 3. mmlﬁmmﬂﬂﬂih
measurement of the lowest 5= and Powave levels of
the pesitronium-lke spestrum started in 1974,

states at 3525.320.10 MeV, where it is naively
expected. Halzen, Olson, Ollson, and Strong
reported’® to this conference that the one-loop
perturhative correction to the Py — *Po,
is +0.7T £ 0.2 MeV as observed. However, 1
am surprised by the smallness of the observed
splitting, because I find it difficalt to under-
stand why the non-perturbative couplings of
the P-waves to virtual decay channels couldn't
produce relative shifts amongst these states of
erder 10 MeV. It would be interesting to un-
derstand whether the decoupling from these
channels is really as complete as it would
appear to be from this result (even though
the continuum iz only & few hundred MeV's
away) or if this degeneracy is mainly accides-
tal. (Altshuler and Silverman reported'! find-
ing other sources of splittings of this general
size.) In any event, the discovery of the '
now completes in a significant way the picture
started in the November Revolution of 1974
(see Fig, 3).

While this measurement stole the head-
lines, other signifieant results were presented
at this conference, including another ETED
result™? giving [{xe, — 77) = 0.34£0.11 KeV
(compared to 0.8 £ 0.4 KeV expected) and
an ARGQUS measurement'® of I'(g, — 1) =
12.2 + 3.0 keV (compared to T keV expected).



Yet another 7y state; the g, remains obscure.
Hef. 14 argues that the 00 MeV splitting of
the current candidate from the ¢ is difficult
to understand; clarifying the existence of this
state should clearly be one of the important
tasks on ET60"s agenda.

@4 and Qqgg: HEAVY-LIGHT SYSTEMS

There are very few cases in which it is pos-
sible using amalytic methods to make system-
atic predictions based on QCD in the low-
energy, nonperturbative regime. Indeed, the
theory has proved so intractable to analytic
methods that all such predictions are based
not on dynamical calculations, but rather on
some symmetry of QCD. Iscspin symmetry
was the first such symmetry discoversd, and
we now understand that this approximate
symmetry asises because the light quark mass
difference my — my, is much smaller than the
massea sasociated with confinement, which are
set by the QCD seale Agep. Predictions based
on isospin symmetry would, in & world with
only strong interactions, be exact in the limit
my = m, —+ 0; corrections to this kmit can
be studied systematically in an expansion in
the small parameters (my — m.)/Agen and
the electromagnetic fine structure constant a.
SU(3) flavor symmetry is similar, but the cor-
rections are larger since (m, — my)/Agop is
not small. Chiral symmetry SU(2)c x SU{2)n
arises in QUD becanse both my and m, are
small compared to Agep; it is sssociated with
the separate conservation of vector and axial
vector currents. Although spontaneously bro-
ken in mature, the existence of this underly-
ing symmetry allows the systematic expansion
of chiral perturbation theory in which many
low-energy properties of QUD are related to a
few reduced matrix elements. If the strange
quark mass is slso treated s small compared
with the QOD scale, then the chirsl symmetry
group becomes SUT(3)g x STU(3)5.

Over the last few years there has been
& single heavy quark!®-2¢ (ie, & quark with
mass mg much greater than the scale Agop of
the strong interactions). It is now appreciated
that there is & new symmetry of QCD, similar
to isospin or chiral symmetry, in operation in
such systems™. This symmetry arises because
once a quark becomes sufficently heavy, its
mass becomes irrelevant to the nonperturba-
tive dynamics of the light degrees of freedom
of QCD. Consider, as an extreme example, two
very heavy quarks of masses one and ten kilo-
grams. Although these quarks will live in the
nsual hadronic “brown muck™ of ight quarks
and glue, they will hardly notice it: their mo-
tion will fluctuate only slightly about that of
a free heavy quark. Given that such guarks
therefore define with great precision their own
center-of-mass, we can study hadronic systems
built on them in the frame where they act as
static sources of color localized at the crigin.
The equations of QCD in the neighborhood
of such an isolated heavy quark are therefore
those of the light quark and gluonic degrees
of freedom subject to the boundary condition
that there is & static triplet source of color-
electric field at the origin (+.e., the heavy quark
can be treated as a Wilson line). Since this
boundary condition is the same for both of our
hypothetical heavy quarks (in the static ap-
proximation which is essentially perfect given
their masses), the solutions for the states of
the light degreea of freedom in their presence
will be the same (scc Fig. 4). Thus the light
degrees of freedom will be symmetric under an
isoapin-like rotation of the heavy quark flavors
info one another even though the heavy quask
masses are nof almost equal. In particular,
the heavy meson and baryon excitation spec-
irs buili on any heavy quark will be the same,
as will be all amplitudes for the scattering of
light hadrons off any state built on the heavy
quark,



same brown muck

aame brown muck

Figure 4. §; and Q; are surroundsd by identical brows
muck

The precesding comments ignored the spin
of the heavy quark. This is appropraie in
QCD since the spin of a heavy quark decou-
ples from the gluonic field'®: all heavy quarks
look like scalar heavy quarks to the light de-
grees of freedom. Since the flaver and spin
of the heavy quark are irrelevant, the static
heary quark symmetry is actually SU(2N,),
where Ny, is the number of heavy quarks (see
Fig. 5). (The full symmetry group is actuo-
ally much larger since heavy quarks moving
with different velocities cannot be scattered
into each other by the strong interactions.) At
try means that each speciral level built on &
beary quark (unless it happens to have spin
zero in its light degrees of freedom) will be &
degenerate dounblet in total spin.

Hesvy quark flavor symmetry is thus anal-
ogous to the fact that different isotopes of a
given element have the same chemistry: their
electronic structure is almost identical because
they have the same nuclear charge. The spin
symmetry is in turn analogous to the near de-
generacy of hyperfine levels in atoms: the elec-
tronic structure of the states of a hyperfine
multiplet are almost the same becanse nuclear
magnetic moments are amall.

In the situstion described above where the

light degrees of freedom (ie., Hght gquarks

Figure B. ... even if the spin of @ & Sipped

Figure 6. Q(¥) is related by the symmetry to §;(¥)

and antiquarks and the gluons) typically have
four-momenta small compared with the heavy
quark mass, it is appropriate to go over to an
effective theory where the heavy quark mass
goes to infinity, with its four-velocity fixed™
(see Fig. 6). The symmetry is based on heavy
and therefore momentum of the heavy quack
are irrelevant: the important wvariable is the
motion of the imperturbable center to which
the light quarks and gluons must respond dy-
namically.

The SU(2N,) spin-flavor symmetry of the
heavy quark effective theory is not manifest in
the full theory of QCD; it only becomes ap-



parent in the effective theory where the heavy
quark masses are taken to infinity. This situ-
ation is familiar from our experience with the
light gquark flaver symmetries of QUCD men-
tioned above. The strong interactions of light
quarks ¢ (with masses m, that are much less
than the QCD scale) are greatly simplified by
going over to an effective theory where the
light quark masses are taken to sero. For
N light quarks this effective theory has an
SU(N)p x SU(N)p chiral symmetry that is
sponiancously broken to the vector SU{N )y
subgroup. Again, the symmetry is not imme-
diately apparent in the full theory of QCD.
However, as long as the quark masses are
small compared with the QUCD scale, they
have only & small impact on strong interaction
dynamics. Thus the effective theory, where
the light quark masses are set to zero, is &
good appraximation to QCD. The heavy quark
flavor-spin symmetry endows us with predic-
tive power much in the same way that light
quark chiral symmetry does. For light quark
chiral symmetry, it is possible to treat the
small quark masses as perturbations and con-
sider the corrections of order m, /Agen to pre-
dictions based on the effective theory where
m, — 0. Similarly, for heavy quark spin-flavor
symmetry, it is possible to treat as perturba-
tions the Agop/mg corrections to the predic-
tions based on the effective heavy quark theory
where mg — oo,

The relstionship between operators imvolv-
ing the heavy quarks (e.g., Quq) in the full
theory of QCD snd operstors in the effec-
tive theory where the heavy quark masses go
to infinity involves some interesting applica-
tions of perturbative QCD. Contributions to
matrix elements of these operators from loop
graphs with virtual momenta comparable to or
greater than the heavy quark mass are clearly
ory. However, because of asymptotic freedom
these differences can be handled by pertur-

bative QCD. In what follows [ will suppress
the multiplicative matching factors required to
connect the low energy effective theory which
we are discussing with full QCD; see Ref. 26
for & discussion of these effects and for farther
references.

Most of the physics underlying heavy
quark symmetry has besn understood for a
long time and has, to some extent, been incar-
porated into phenomenclogical models used to
pradict properties of hadrons containing & sin-
gle heavy quark.’™® What is new is that we
now understand that this physics arises from
symmetries of an effective theory that is a sys-
tematic imit of QCD. Consequently, modal-
independent predictions are now possible, in-
cluding important predictions for semileptonic
B-meson decay form factors. These are ex-
pected to play a vital role in the accurats
determination of the values of the Cabibbo—
Kobayashi-Maskaws matrix elements V5 and
Vi from experimental data. Before looking at
these predictions, it is useful to set the stage
by considering the implications of heavy quark
symmetry for heavy-light spectroscopy™.

In the imit mg — oo, the spin of the heavy
quark S and the spin of the light degrees of
freedom (i.c., the angular momentum of the
light degrees of freedom in the heavy quark’s
rest frame)

Se=5-5, (2)

are separately conserved by the strong interac-
tions (here § is the angular momentum of both
the heavy quark and the Hght degrees of free-
dom in the heavy quark’s rest frame, i.e., the
total spin). Therefore, in this limit, ag, mg, 2,
and my are good quantum numbers. Since the
dynamics are completely independent of the
mass and spin of the heavy quark Q it is con-
venient to classify states containing n single
heavy quark by ;. Then masociated with each
such state for the light degrees of freedom will



heavy quark sg = 1/2 with the spin of the
light degrees of fresdom ay)
sp=axlf2, (3)

{unless s; = 0, in which case & single & = 1/2
state is obtained). The flavor symmetry en-
gures that the spectrum is identical for each
flavor § up to an overall constant mass shifi
associated with the mass of the heavy quark.
Of course, states are also labeled by their par-
ity x (which is the same as the parity of the
light degrees of freedom, =y, since the heavy
dial”® quantum numbers (see Fig. 7).

To get & better picture of how this works,
let's consider the mesons with QJ flavor quan.
tum numbers. (Note that although we use the
language of the constituent quark model, our
conclusions will be completely general.) It is
reasonable to assume that the ground state
mesons with these flavor quantum nambers
have s; = 1/2 and negative parity, forming »
doublet consisting of » spin sero state (s_ = 0)
which we denote by Fy and a spin one state

(#; = 1) which we denote by Fj. In the case
Q = e, these are the D and D" mesons, and
in the case @ = b, these are the § and B*
mesons. In terms of the spin of the heavy
quark aad the spin of the light degrees of free-
dom, the states (at rest) are

|Po) = :—in =1, @

e 1
B = ZIt+1n,

whmth:ﬂ.hlPi.}inq.[E]lul:mhmpu—
nent of total spin along the quantization axis
i, In eqs. (4) and (5) the first arrow in & ket
refers to the spin of the heavy quark along the
g-axis, while the second arrow in a ket refers
to that of the light degrees of freedom. Acting
with the s-component of the heavy quark spim

S51Pa) = 71P5) - (®

Since 5y commutes with the Hamiltonian, the
Fg and Fg states are degenerate in mass.

Since the heavy quark flavor symmetsy ap-
phies to the complete set of n-point functions of
the theory, not only mass splittings, but also
all strong decay amplitudes arising from the
emission of light quanta like x,q, p,*x, ete.,
are independent of heavy quark flaver. For
a given heavy quark flavor the spin symme-
try ensures that two states with spins 45 must
have the same total widths. This equality be-
tween total widths typically arises in & non-
trivial way. The two states of & given multi-
plet can decay to both siates of every avnilable
sum must be identical. The spin symmetry
determines the ratios of these partial widths
(see Fig. 7).

The hesvy quark symmeiry cannot, of
course, tell us anything ahout the spectroscopy
of the light degrees of freedom. It cam only



predict relationships between heavy quark sy:-
tems involving given states of these degrees of
freedom. As we have mentioned for mesons
with Q§ flavor quantum numbers, both the
constituent quark model and experiment sug-
gest that the ground states have of' = 1/2°
giving the &7 = 0~ and 4§ = 1~ states Py
and F3. The constituent quark model also
suggests that the lowest lying excited states
are likely to be those which correspond to
giving the spin 1/2 constifuent antiquark a
unit of orbital angular momentum resulting
in &' = 1/2% and 3/7" multiplets. It is
easily shown thai the s = 2% state of the
55" = 3/7* multiplet has decay amplitudes in
the proportions ([{2/5) : /(3/5) to the states
[Pg#]tas and [FGx]|cas respectively. Its multi-
plet partner, with 47 = 1%, decays st thesame
total rate exclusively to [Pgn|z=3. Note that
the 8™ = 1* state does not decay to [Fi7]r=s
even though this is an allowed channel. Sim-
flarly, the &7 = 1* state of the o' = 1/2*F
multiplet decays exclusively to [P3x]z=0; and
does not decay to [P5x]ros. Its o7 = 0F state
decays to [Fgx|i=s with the same total rate™.
These predictions are compatible with existing
experimental information on mesons contain-
ing & charm quark (see below).

Let's now consider some matrix elements
of operators in the effective heavy quark the-
ory. The matrix elements we focus on are
those that are Likely to play an important
role in determining the Cabibbo-Kobayashi—
Maskawa matrix elements V3 and ¥y, From
the basic physics of heavy quark symmetry de-
ures & and 9, it is not difficult to see that all of
the form factors operative in B — Def, and
B — D"ep, are related. With an unconven-

*1Thess resulis were first noted by Roiner™ who
obtained them by taking the mg — oo limit of & quark
mode caleslation. Heavy quark symmetey allows =
fo see that they are model independent consequences
of QCD in that Emit,

Figute 0. ... ¢vas if & apin flipa

tional choice of normalizations and form fac-
tors which are suitable for a situation where
four-velocities and not four-momenta are the
relevant wariables, namely™ [P(v")|P(v)} =
278%(v' = v), elc. and

(Pa, (V)G90 Pg,(v))
=filv+vhut flv=v). (7)

for B — D and

(B3, (v, €)| Q@ | Pg, (v))
= fel + (e -v)fEulw + v
+d_(v - 'r]-] ’ {a']

SHere v = p*/m Is the four-velocity, and v =+7,



{Pﬂ';{le"auLqu{ﬂFFﬂi{“H
= ifEpar ™ T . (9)

for & — D*, one can show that in fact the
form factors characterizing the Py, — Fg, and
Fg, —+ Fg, mairix clements of the vector and
axial vector currents are expressible in terms of
a single universal function §{w), where w = v-
v', that is normalized to unity at sero recoil™.
Explicitly™,

fo=£, f=0, (10)
f=01+wk, (11)
(8 —8_)==¢, (G4 +d-)=0, (12)
and
g=£, (13)
with

§(1)=1. (14)

The function £ is troly universal: it doesn't
depend on the heavy quark's mass or spin, nor
does it depend on the current which causes the
Qi — Q; transition. The same function would
even play & role in the physics of hadrons
Many extensions of the standard model (e.q.,
supersymmetry and fechnicolor) contain such
heavy spin sero color triplets.

The manipulations lesding to egs. (10)
to (14) bear & siriking resemblance to the
method for deriving the predictions of Hght
quark SU(3)y symmetry for form factors in
the K — x matrix element of the current y.d.
However, we see from eqs. (T) and (10) that

™This warinble ia callsd w after the Fresch same for
this lettes,

heavy quark symmetry does not predict the
conventionally defined f_ form factor to be
gero and it provides a pormalization, not at
g = (f —p)® =0, but rather al the maximum
value g1, = (mp —mp,}'.mnﬂ'pnnding to
w = 1, where both the initial and final hadrons
have the same four-velocity. We call this kine-
matic point zero recoil, since in the rest frame
of the initial hadron the final hadron is also at
rest.

Transition matrix elements involving the
ground state (iscspin-zero) baryons with Qud
flavor quantum numbers are even easier to de-
duce than those involving the ground state
mesons. These baryons are denoted by Ag,
and we assume that they have o7 = 0" (this
is suggested by the constituent quark model
and in the case (} = ¢ is required by exper-
ment). It is straightforward to prove that”¥

{-'l-m{i"rﬂ’}lﬂ‘mrﬂmiﬁe;{'-']?
= ni(v', s'|Tu(v, 1) , (15)

where 7 is & universal function of w indepen-
dent of the heavy quark masses. The heavy
quark flavor symmetry implies once again that
at gero recoil

nl)=1. (16)

Apart from the overall factor of 5, eq. (15)
ghows that the hadronic matrix element is like
& heavy quark matrix element. This occurs
becaunse in & Ag state the spin of the hadron
is earried by the heavy quark.

Transition matrix elements between heavy
and light states can also be considered. Here,
the heary quark flavor symmetry can be nsed
to relate matrix elements involving different
heavy quarks. For example’™, with our un-
conventional normalizsations and as nsual ig-
noring QCD matching factors,



(071 Q)| Pau(v)) = (Ol ﬂmIPmiﬂ{lllﬂ
Similar relations hold to light final states
like x and p provided, in the rest frame of the
beavy quark, the final states have the same
four-momenta®™. As a result, heavy quark
methods open an interesting avenue for de-
termining the magnitude of the ¥y element
of the Cabibbo-Kobayashi-Maskaws matrix.
Ordinary isospin symmetry plus heavy quaszk
symmetry implies that, for example,

(i, €)ma(1 — 76 )81 B(v))

- (=2)" s

{o(k, €)ldya(1 = m)elD(e)) ,  (18)

where, in & departure from the simplified dis-
mﬁmunhhmiew in this case the match-
ing factor [—ﬁ ™ has been included ex-
plicitly. Eq iz valid in the rest frames of
theﬂudﬂin:mmmuhnnthnlugumm
pared with the heavy quark masses.** Since
in the Cabibbo-suppressed semileptonic decay
D — pév, the weak mixing angles are known,
the right side of eq. (18) can be determined
experimentally. With this information, exper-
imental data on B — pef, will allow a de
termination of V4| (see Fig. 10). If one uses
bight quark SU(3)y faver symmetry instead
of isospin, then the Cabibbo allowed semilep-
tonic decay D — K&, can be used. The
form factors for this decay have already been
determined experimentally®™. Of course this
strategy can be used for any convenient light
badronic finsl state.

It is poszible to systematically improve or-
der by order in &,(m,) and a,(ms) the match-
ing between operators in the full theory of
QCD snd operators in the effective theory™-,
**Model enleulations suggest that eq. (18) bolds even
for k comparable with the heavy charm quark mas™,

Figure 10. heavy-to-Eght transitions are also related
by the symmeiry

This gives calenlable perturbative corrections
and does not cause any loss of predictive
power. Neubert™ has recently examined the
accuracy of the heavy quark symmetry pre-
dictions for the decays 8 — Def, and B —
D*ef,, including both perturbative and 1/m.
corrections. As a result of Luke's theorem®,
which protects the sero reccil point from any
1/m, carrections in leading order, he finds that
the differential decay rates for these decays
near pero recoil receive overall corrections of
oaly +7% and =1%, respectively. There are
therefore good reasons to believe that the de-
termination of V; is now mainly an experi-
mental problem.

Additional effects of 1 /myg corrections have
been studied in many models. Grinstein and
Mende®™ and Burkhardt and Swanson' have
shown how the symmetry is approached in
1 + 1-dimensional QCD in the N, — oo limit;
these issues have also been sddressed in quark
models too pumerous to mention. The univer-
sal fanction £{w) has also been calculated in
many different schemes; at this conference we
saw new results by Pirjol, Schilcher, and Wu*
and de Rafasl and Taron" to join earlier cal-
culations by Radyushkin®®, Neubert*, Bagan,
Ball, Braun, and Dosch*®, and others*,

Several groups have also realized that there



is & natural way to marry heavy quark and
ranged by M.B. Wise'", T-M. Yan ef al®,
and G. Burdman and I.F. Donoghue'®, and
at this conference we heard of further de-
velopments in this direction from Cheng and
Goity™. We also heard at this conference
about a oumber of other interesting develop-
ments of the ideas and applications of heavy
quark symmetry.

To me, one of the most exciting recent de-
velopments pertains to an ancient problem in
particle phenomenology: can we understand
the nonleptonic weak decays of hadrons? 1
had just finished some work on this subject at
the time of the 1975 Palermo conference when
Lipkin warned about the dangers of “Drink-
ing Nonleptonic®. He recalled bow from time
to time over the last 40 years there have been
hﬂlnmtnrrpmudlﬁum"ﬂthﬂn;nmhp-
tonic”, i.e., spells of believing that the mystery
of the Al = } rule and other pussling fea-
tures of these decays were on the verge of be-
ing solved, but that cne always woke up from
these giddy periods with a headache. We may
still not fully understand the AT = 1 rule, but
there is a good chance that we can now at least
drink & littls nonleptonic of the beauty flavor.

The new development is an extension of
heavy quark effective theory by Dugan and
Grinstein® to prove factorisation for o special
class of weak hadronic decaye . Short distance
QCD corrections creste & low energy effective
weak hadronic intersction

H:Huggw:,v..[qmnm . (19)

where by = (1 — 1) dru(1 — w)u and
ha = E(1=70) J5b dyal1- 1) Jgu. W mefmy
is fixed, and my — oo, as in the heavy quark
limit, then the ¢ quark will recoil with fixed
velocily against the residual hadronic system.
Dugan snd Grinstein show that in this HEmit

the decay will be dominated by the ¢y term of
H*/! g0 long as the dii system is at low mass.
With this restriction to a collinear dil system,
they show that the fast moving light quarks
decoupls from soft gluon exchanges; the octet
light pairs therefore do not hadronize into a
light d& meson, while the singlet pairs factor-
ize from the b — ¢ process. This leaves the
latter process controlled by the same matrix
elements a3 occur in semileptonic b — ¢ de-
cays, i.¢. matrix elements that are governed
by heavy quark symmetry. Dugan-Grinstein
factorization therefore offers & real chance at
» systematic expansion of this class of nonlep-
tonic decays in powers of 1/m, and a,.

Heavy-light ezperiment

Given the venue of this meeting and the
recent drama which unfolded in Congress,
it is clear that this section should begin
with the announcement that ssc o confirmed
Both ARGUS® and FNAL ES8T* reported at
this conference the observation of the doubly
strange {1, at masses of 2716 £ 5+ 5 MeV and
2707 £2% 5 MeV respectively. These observa-
tions are consistent with both theoretical ex-
pectations and with an ealier claim®™ by the
CERN hyperon beam experiment WA-82.

We also heard at this conference that
ARGUS™ confirms the D, (2536)* in both
the D*"E* and D**K3 channels. We now
know that excited D, spectroscopy maiches
excited D spectroscopy, and that both wre
consistent with heavy quark symmetry (see
Fig. 11): they display the expeciod doublet
plttﬂ.lppﬂlpﬁltlhlﬂl?'!+ﬂﬂlﬁﬂﬂ-
and the narrow D, ([p, < 3.0 MeV) and
Dy required by the symmetry, which predicts
that the kinematically allowed D*K and D*x
S-wave decays will be suppressed™.

The LEP experiments are all beginning
to try to exploit the fact that the Z is a
good favor factory, and we heard many re-
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Figure 11. The observed ' = f+m¢mﬂtl-
died [ and D mesoms, displaying the expected don-
blet siructure. The reduced widths [ie., widibs with
phase spaced removed) of the multipled pariners are
also nearly equal as expected.

ports of progress begin made in studying the
B and Ay in & high energy environment™, Es-
pecially impressive was the strong evidence
presented™ by OPAL for the B,. (They even
report one candidate for the decay B, — o
with & mass of 5.36 GeV.) We can expect a
steady improvement in the masses, lifetimes,
and branching ratios of all of these states
from these experiments; they have an espe-
cially important role to play in Ay and F,
physics where we may be relying on high en-
ergy colliders for the bulk of our knowledge.
There are many important issues to be re-
solved here. As a very first step, it is desir-
shle to simply accurately messure the mass of
the Ay (heavy quark symmetry predicts that
Ao = [B4905] 4 [A, — (24427)] 40 (Sg2));
eventually, the A; semileptonic decays could
prove to be the most accurate means of deter-
mining the CKM angles Vi and V.

CLEO™*® also reported & series of new
measurements of isospin-breaking mass differ-
ences in the D, D*, and T, multiplets:

oY - p® 3.32 4+ 0.08 £ 0.05 MeV  (20)

ot —0" = 4800102008 MeV (21)
L= = L1+£0.64£05 MeV ()
EH-CF = -02:08+05MeV (23)

The first two splittings follow the general pat-
tern of dominance of such splittings by the
d —t mass difference. However, there iz & suz-
prise in these splittings, in that heavy quark
symmetry predicts that they would be equal
in the limit m, — o0, and (especially given
that D} — D, = D" — D) the 1.5 MeV mass
difference between them seems difficult to ex-
plain as & 1/m, effect™. The second pair of
tions, but [ suspect there is & problem here:
from them one can form the Al = 2 combina-
tion BX+ + E2 28+ = —1.3 0.7 0.6 MeV
which is pure eleciromagnetic and should turn
out to be roughly +1.3 MeV.

Finally, many new tests of nonleptonic
fnctorization werse presenied to the comfer-
ence. ‘There were, first of all, many re-
ported faslures of factorization for charm de-
cays where Dugan-Grinstein (DG) factoriza-
tion should not apply but where Bauner-Stech.
Wirbel (BSW) factorization™ has enjoyed con-
siderable success. BSW factorization hypoth-
esizes that & much broader applicability of fac-
torization to oll amplitudes, not just collinear
ones aa in DG factorisation, can be obtained if
the coefficients ¢, and oy of &q. (19) are treated
as free parameters. BEW also sssume that it
is possible to reexpress HY'' in terms of two
related hadronic operstors with coefficients a,
and a3, In fact, the BSW model remains quite
successful in those circumstances where only
the & term coniributes. Howewver, in other
circumstances there now seem o be problems.
For example, ARGUS™ has measured

T{A} - E'%*) 18+05+03

T(AF = Ax+)  23£03%04 ° (24)




while factorization predicts zero since the [ =
0 ¢ — & current can't induce s Al =1 AY —
I? transition. ARGUS also reports®?

I{D° — p°K°)  0.24 +0.08 £0.08

(D" — K*==x*)  0.70 £0.04 £0.04 (ETE}
much larger than expected from BSW factor-
ization since the process in the numerator pro-
ceeds through e; alone.

While BSW factorization is experiencing
some difficulties, its less ambitious but more
rigorous cousin DG factorization has experi-
enced some successes. For example, CLEO
has reported™ an important set of new tests in
B decay of DG factorization and heavy quark
symmetry. Highlights of their results are given
in Table 1. It is clearly too early to drink too
beavily of nonleptomic, but there are reasons
to remain optimistic.

LIGHT QUARKS AND GLUE

. Finally we turn to systems of “pure browny
muck®. There is a recent revival of interest
in these oldest hadronic systems, engendered
by both new experimental and theoretical de-
velopments. It is an old refrain, but given its
importance in structuring the world we live
in, our ignorance of the mature of ordinary
strongly interacting matter is an embarrass-
ment, and it remains & challenge to close this
glaring gap between our knowledge of the ba-
sic principles of nuclear and hadronic matter—
QCD—and the phenomens which characterize
it.

The theory of pure broum muck

One of the most productive theoretical
tocls in studying Light quarks and glue re-
mains the lattice. For example, within the
last few years some basic characteristics of
the quenched glueball spectrum have become
extablished®™:

(1) the lightest glueball has vacuum
quanium numbers (JPC = 0++)
and & mass of ~ 1.5 GeV,

(2) the next lightest state is probably
a JPC = 2+ state with mass ~
2.2 GeV.

(3) the spectrum really begins above
2 GeV, but in the 2-3 GeV region
there is so fas no evidence for a JFC
exotic state.

These facts indicate that glueball hunting may
be a sticky proposition. The 0** meson sec-
tor between 1 and 2 GeV is the most poorly
understood sector of hadron spectroscopy, and
is the place that a malicious intelligence would
hide a glueball. In addition, looking for a glue-
ball with nonexotic quantum numbers above
2 GeV will be extremely difficuli: the meson
spectrum in this region will be densely popu-
lated with ordinary quarkonium states.

When combined with the recent evidence
from the lattice discussed in the Q@ seciion
for the flux tube picture of nonperturbative
gluon dynamics, the bleak prospects for glue-
ball hunting suggest that the most produc-
tive strategy for discovering a gluonic spec-
tmyhhmmtnhmﬂu.f”mﬁﬂ
from the @ case) to be found in the vicinity
of 1.8 GeV. Several searches are now underway
for such states, which can be expected to be
more readily produced than the Q@ hybrids.

In addition to this and other lattice activ-
ity, there have been continning theoretical of-
forts of & more analytical nature. An impor-
tant focus of activity has been to try to un-
derstand the nature of the constituent quark,
and amongst the many papers on this subject,
those of Manohar and Georgi®, Kaplaa™,
Weinberg®, and Peris® received considerable
sttention. One of the central goals of this
activity has been to attempt to “chiralise"
the quark model. Karliner described at this



Table 1. Tests of DG factorisation and heavy quark symmetry in
E decays; the last two columns indicate which principles

are being tested.
channel eoxpt ™ theory factorization? h.q.s.?
BY — D**x~ 128+ 019+ 0.30 1.23+0.17 v
B — D**p 30720432034 3.26£046 v
;:{B’._.n-+p-;| 80 + 7+ 5% BE% v
—~Hoen 0.96 & 0.19 £ 0.25 1 v v
=t 0.97 £0.19 £0.25 1 v v

mesting® a derivation in 1 + 1-dimensional
QCD of Kaplan's ansaiz in which the con-
stituent quark is the “skyrmion™ of the colored
chiral Lagrangian after bosomization.

The experimental status of conventional broun
muck

I am myself particulasly fond of the much
mote mundane suggestion made by Bjorken:
& constituent guark is what you get when
you take & B meson and remove the heavy
quark. To organize convenlional light quark
spectroscopy for you, let me adopt & version
of this definition. First, in Figure 12, let's
examine the onset of heavy quark symmetry;
alternatively, this can be viewed as & demon-
stration that a constituent quark retains some
of the characteristics of a heavy quark. We
can see from this disgram that even the p—x
splitting roughly follows the 1/mg scaling law
for the splitting of the }* = 1~ multiplet.
Note, moreover, that the center-of-gravity of
the &f* = g"’ excited multiplet hardly moves
with respect to that of the ground state mml-
tiplet, and that the 1/mg splitting within this
excited multiplet remains small.

Figure 13 gives another look at the evolu-
tion of hadronic spectra within the (approx-

mately) equal mass quarkonia from the T to
the x. Once again we se= the remarkable sim-
ilasity of all of these spectra, suggesting that
there are no dramatic changes in the under-
lying physics from the B to the ud system,
even though my, my <€ Agep. Somehow, &
constituent light quark seems to behave much
like & heavy quark®®.

There were geveral interesting additions to
our knowledge of the spectra of Figure 13
made at this conference. | have already high-
lighted the discovery'? of the & 'P, state
h.(3526). We also heard here that the Bei-
jing e*¢~ machine has confirmed® the narrow
£(2200), which has an economical interpreta-
tion as one of the missing®® F.wave #F states,
namely *F; or *F;. The LASS experiment,
which has been enormously successful in clear-
ing up many questions in sirange particle spec-
troscopy, provided strong evidence™ in the #i
sector for both *D; and Dy, the K;3(1775)
and K3(1820); this completes the discovery of
expected®® D-wave § = —1 quarkonis. In
a related measurement, ARGUS'Y™ has pro-
vided » window om the mature of the D,
state w3(1660) by measuring its vy width to
be 0.25 £ 0.10 keV. This width is much more
nnderstandable from quark potential models™
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than earlier reported results.

Many other new resulis in conventional
spectroscopy were reported to this conference,
bt I will mention just one more which brings
to & conclusion a long-standing uncertainiy
shout the properties of the ay meson. The AR-
GUS collaboration has reported™ an analysis
of their new sample of 7 — .37 data which
pin down the elusive parameters of this state
tobem = 1211 £ 7 MeV and I' = 448 £ 21
MeV, with a D/5 ratio for the dominant g
decay of —0.11 £ 0.02. The mass once again
leads to the conclusion that spin-orbit forces
are suprisingly small; the width and D/5 ratio
are in good agreement with those expected in
the flux tube model™.

The ezperimental status of wnconventional
browm muck

The experts will have noticed that I have
omitted & number of states from my picture in
order to emphasize the simplicity of the pat-
terns. There is of course a danger that in doing
0 | will have conveyed & misleading impres-
ason!

There are several classes of states which I
have intentionally omitted. First, I have omit-
ted states for which there is very weak evi-
dence and no motivation: [ sasume that I will
be excused for this. At the other extreme, 1
have omitted some states which are unambigu-
ous, but which I believe are best interpreted
within an entirely different framework. Let
me begin with some gedanken states of this
type: fip Coulombic bound states exist, but we
should clearly omit them from the “elemes-
tary” meson spectrum. There are & number
of states which are widely (but by no means
universally) believed to be of this type—I'll
call them “molecular states™ since the hadrons
themselves are already “quark atoms™—which
I have excluded. Foremost amongst the can-
didates for such states are the old and well-

established J¥¢ = 0" siates ap(080) and
fa(975) [formerdy the 5* and §]. Jaffe first
suggested™ that these states were bagged 998
states, Hecent opinfon has shifted Lo the
closely related “K' K molecule” picture™ ad-
vocated by Weinstein ef ol, in which these
states have much more in common with the
deuteron than the proton, and are as appro-
priately distingunished from “true® mesons as
the deuteron in distinguished from a “troe"
B = 2 baryon. There are two other interest-
ing candidates for such states which have been
excluded from Figure 13. One is the narrow
Jf1(1420) which was long interpreted as a mem-
ber of the * Py multiplet, but which now might
be interpreted™ ™ as a (virtual) bound state of
K*EK. New experimental results on this state
mmﬁdﬂhﬁhmﬁuﬂ.ﬂmﬂmﬁ;
its 1** assignment and thus the need for a
non-quarkonium interpretation of its rature.
The other is the newly established f;{1520)
state seen in Fp collisions, for which convine-
ing evidence was reporied at this conference
by Amsler™ and Smith®. This state, first re-
ported by the Asterix collaboration and called
the AX (1560), has been interpreted by some®
as & fip bound state, and by others™™ as &
coupled channel bound state of the pp — ww
system. In either case, it would be appropri-
ately excluded from the “true mesons.”
Thess moleenlar states have their own in-
terest, of conrse. Originally, g3 states were
sought as & new type of hadron. (A “true”
multiquark hadron would be a tightly bound
distances comparable). Today I believe their
main interest is as & testing ground in novel sit-
uations for our very rudimentary understand-
ing of interhadronic forces. One of the goals
of strong interaction physics is to understand
such forces, since they are ultimatsly respon-
sible for the existence and properties of nu-
clei. Of course, we all know that the nocleon-
sucleon fores can be very well parameterized



in terms of meson-exchange-generated forces.
However, this parameterization is unkikely to
lead to a viable underlying explanation for this
and other interhadronic forces. The forces be-
tween composite systems can arise not only
from particle exchange, but also from con-
stituent exchange. (In fact, in & heary quark
world meson exchange would be negligible
compared to quark exchange forces™.) Study-
ing the forces in exotic hadron-hadron systems
can help to delineate the role of these mecha-
nisms (and others) in the mundane nucleon-
pucleon case, These two competing mech-
anisms have been studied by a number of
groups. For example, Barnes and Swanson™*2
systematized the search for attractive meson-
meson systems in a quark exchange picture
(see also Refs. T4, 75, and 82). Tornquist
reported to this conference™ his interesting re-
sults on those channels which have an atirac-
tive pion-exchange-induced potential. It is in-
teresting that all groups find attraction in the
pp — ww system that could be associated with
the f3(1520).

Looking at Figure 13, some may wonder if
there is life in spectroscopy beyond the quark
model. In two senses, | would argue that there
must be. In the first place, no matter how
successful the quark model might be, its ori-
gin within QCD is not understood. So at the
very least there lies ahead the vital task of ex-
plaining what the quark model is. This is the
task being sddressed by work like that I men-
tioned earlier on the nature of the constitueat
quark. However, there is more than just theo-
retical mopping up to be done: we know that
glueballs and hybrids must exist a8 degrees of
freedom of QCD so there must be life beyond
the simple pattern of this spectrum. In fact,
the absence of evidence for such siates in the
low cnergy spectrum seems Likely to be & cen-
tral cloe 1o the existence of the quark model.
Moreover, it may well be that as we discover
these states experimentally, we will also see

the quark model picture break down in such a
way that it will be revealsd to us what it was
in the first place.

I should remark that | may be overstat-
ing the present gituation. I have already men-
tioned how the search for glueballs in the 04+
sector is hampered by quarkonium chaos there.
(For a good discussion, see the review by Close
at this conference®.) However, the GAMS cal-
laboration has reported®™ an interesting candi-
date state at 1590 MeV which we heard more
about at this conference™. Given the coexis-
tence in this region of broad *Fy states, the
probable existence of a “K K molecule” with
these quantum numbers, and the possibility of
maximal OZI-viclation in this channel®, much
work will be needed to confirm the existence of
a glueball in this mass region. Another con-
tender for a glueball used to be the #{1720)
seen in ¢ radiative decays. With the receni
evidence that its quantum numbers are really
0t and mot 2%*, it is no longer such a se-
rious candidate: it could now easily be the
first radial excitation of the quarkonium scalar
mesons®™. For either set of quantum num-
bers, it could also be & K*K* —wd molecale™.
A more interesting and persistent candidate
has been proposed in the tensor sector in the
2.0-2.5 GeV mass range by Lindenbanm et
al™, This group has found a series of ¢4 res-
onances produced by T i scattering which
would be difficult to accommodate as quarko-
nia. Given the OZI-violating nature of their
production, there is also a prima focie case
study of these states is certninly warranted.

As T have already argued, it may be easier
ultimately to establish the excitation of the
gluonic degree of freedom by finding J©° ex-
otic hybrid mesons (or baryons). Some candi-
dates have been reported to this conference™,
but so far there are no clear resonant signals,
On the other hand, the lattice adisbatic poten-
tials described in the @ section, plus the as-



sumption of smooth evelution of quarkoninm
spectroscopy into the light quark sector, sag-
gest where to look.

OUTLOOK
It is plausible that hadron spectroscopy, af-

ter several years of slow progress, is poised to
make significant advances:

» heavy-light systems provide us with the
“hydrogen atom” of brown muck, and in
80 doing severely constrain model build-
ing; at the same time our theoretical and
experimental knowledge of such heavy-
light states is increasing rapidly,

# There are reasons to believe that hy-
brids, and possibly glueballs, will be dis-
covered in the next generation of hadron
spectroscopy experiments; by watching
the quark mode] fail, we should be able
to anderstand better why it works so
well, and, more generally,

# new accelerators and detectors, wiclded
by both high energy and nuclear physi-
cists, will shed new light on this now old
but still important problem.
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